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TiO, & —FI AR T2 SRR, 7E6E AL
SR RB IR DL S W55 T A o R L 00,
HARF T TiO, EZA = DUy B &40 44 A
BV, BT & R IIAERS . TiO, #Em & Tl LA
TE W AE 22 25 K4 1Y a-Pb Oy A 691 F1 B bt 44y 1) 4t
B AR B0 DI 5E R W TiO, = AR 15z Ak
ZRZE ), HhiGaE s 2 10 RF o Reb/h
F 10 nm PELERAT#F S0 ELEEAE i fk (1210 R
FAF 10—50 nm 2 [B] B BLEK B FE & 12—
15 GPa 5748 Jy bk A A 121317 RSFKF 50 nm
HIERERT RE S INE R 2—5 GPa #7254 a-PbO, #,
PRSI 12—15 GPa F57A8 RV 43 A (991213181,
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300 pm A 4 M A7 XF T fili (diamond anvil cell,
DAC); #5528 304 AW, HLATFLER 100 pm
Y RERE b s 0 SR TiO, BE S, RINE R TR,
i FLLE AVEN AR BT FEA IR 2 30 GPa /2
5 VS 20 HORAS s i I OOR i 7 s (LS
4 FEI scios) M i JF A 4 O T il 2% 32 5 vl
TR iy FE S TSR RN G5 A4 £ e 23 s S P
WA (15 JEOL JEM-2200FS) #1731E; &
A7 2 5 i f# ] Renishaw 23 &) InVia R4
SO, WORGIRA 514 nm.

3 EREXREITH
3.1 HmERKRIESSENSHIESH
Il 1(a) Ry B iR TiO, FF i 7 5 L 7 W 0 BE
(transmission electron microscope, TEM) B4,
Ein 2 HOE, FEON EAR RS 1050 nm /Y d kL
(21 60%), 145/ 4—10 nm (2 20%) F1 50—
1000 nm (£ 20%) A9 fboki. &l 1(b) 2 X o 747 5
(selected area electron diffraction, SAED) 73 #7145
SRR G5 B &1 1(c) A&l 1(d) A
Mdikl SAED fERE, SRBIBKIE Stk Ay B B ek
S5 SR FHE SO BN K G0 B S B AR B

§ 3

B 1 (a) UG TiO, B S TEM BI314; (b) JEUHA TiO, K
SAED #; (c) JIA #E & 20 5 B3k TEM B 37 /4 [010) 7
1] SAED fEE, B F R A% 72 nm; (d) JR LA AR & B0 G ER 10
TEM W13 {4 #0 [131] /7 [ SAED £E4%, B4 53K H 42 63 nm

Fig. 1. (a) TEM bright field image of the TiO, sample
uncompressed; (b) SAED patterns of the TiO, sample
uncompressed; (¢) TEM bright field image and SAED pat-
terns are acquired from the single-crystalline along the [110]
zone axis, the diameter dimension of single-crystalline is
72 nm; (d) TEM bright field image and SAED patterns are
acquired from the single-crystalline along the [131] zone

axis, the diameter dimension of single-crystalline is 63 nm.

TE AR S, BRI PR 22 A K HIE A
B BT AN]SR R S A e R TR AR A
Kl 2(a) R BLEKEHH Ti0, I s R A 47 2>
Jif, Hrhhr i 144 cm !, 197 em?, 399 cmL, 513—
519 cm ' Al 639 cm ' 43 H) X N F BB AT TiO,
9 Ey1), Ego), Bigays AugtBuga) M Ey) fi 81 L
AW BEE SR, A2 F 144 cm™, 399 em !,
513—519 cm L 1 639 cm #7805 0] =5 I 4k 7
A, WAL T 197 cm  BRLEIER . [HHBEE
JE 3G, BT 0 R A Ak R B T B ALK
JEJ1FH R #) 14.6 GPa B}, i T ~500 cm ! {37 &
PUFT P2 0. MR IR 20.1 GPa B, BLEke”
Fir 4 U 55 B B I 855, ~ 500 cm L AV T 2 g 4
i, [N ~235 A1 275 em ! 7B H BUHT L %, X
SO W AR A7 AH 12, RREEAN 2 25.9 GPa B,
BB AR Z T % AURHE A A ~500 cm ! i
WERT UL [ 2(b) AR RRRRLE RS, YR Tk
% 7.7 GPa i}, 78 314 1 437 cm ! Y IHT Y H 2
W | 3 BB B W XTI T o-PhO, A1 8. kS5 TR &
3.2 GPa Itf, A5 A7 H AT a-PbO, AHH S 16 [5] i 77
FEE MG B8, (A IR E 1.3 GPa e, RS A
AP S W 2, 180 1 368 cm L BT Y a-PbO,
AHPLE I B 314 FI 437 cm ! S W B I )
BRI S0 sE T k. LR SE R IR R
14.6 GPa B &A= T MELERHHH ) &4k A AH 19 4 22
F| 25.9 GPa BB HH5¢ 256 A8 Jy wb et A A1 76
R B, RERAE 7.7 GPa I & A T #HEE 13 4 1)
a-PbO, AR, MR I % 1.3 GPa B RHS A
TN a-PbO, HH, H a-PbO, #H AT ITER
BE ST P RRE . XA P AN S50 5 DR HGE
RSF 10—50 nm B TiO, —F 121317 10—50 nm
B RSP BAF A 1(a) e S8 0 BE R RE i Y
FAE. FAEE RS RT 50 nm A9k Eioe /0,
BE IR RS 2 B ) o-PbO, IS . FE 5
TS AR, i FTSUAR H - J f5e AR i 3R T 4
B TEM #0aEFE S, B 2(c) AT FE SRR TS,
Pl rh s Sk BTG e 1 -5 4 NI TR 42, FLRT7R Oy 1)
SN T 1. SRR RO A 2(d) B,
S HAE ot v ) AT PR A B A AR, (A EAE
S A LA T S AL (5, LAV (5] e el i e o R
Dy ], BORA SR #K R 1 81 . SAED fEFE
s RFE W EIE TiO, BES N a-PbO, M, 1145
J5 S H R P2 iE K 2(b) S5 RAHAF. Bk
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2 (a) TiOy MR R IEHE; (b) TiO, HIFR BN &L (c) TEM #UHHE S RS, R 7 1 i [ @ik s (d) 8

J& TiO, #: i TEM WI1%; (e) H1 & TiO, £ 5t SAED ¥

Fig. 2. (a) Raman spectra for TiO, upon compression; (b) Raman spectra for TiO, upon decompression; (¢) TEM image of section

samples, the pressurization direction is shown by the white arrow; (d) TEM bright field image of the TiO, sample decompressed;

(e) SAED patterns of the TiO, sample decompressed.

TEM EALES RF W] S BRIE BT SR eI i
Ferp kA TR AL S, HERSIERIRE. 5T
el # TiO, e JEAHRY — N E ZF-Be P2 TR
1%t TIOLJE AL FIEBER Wi AT 58 ik A7 i E ; A
4 I A ALY R A BB XT TiO, AR FEAT il FE.
N TRIE TiOy BB ASHL, AR SO 73 RSP R R
FRRRLIERT T ANECAY 5 3 BRERALE.

3.2 IFRRBRHBIRAE

Pl 3 A HEIHE TiO, 1 1—34# =M EHKK -
PbO, tHAKL. B 3(a)—(c) R 148500k, Kl 3(a) i
7 H[010] J7 1] S 46 BUE , KBl 1100 nm, %5 %
800 nm. AL NFETE 6 4% 28 3 B> ok 19 28 5 7
(twin boundary, TB), TB1-—TB6 W& 3(a) H &
KPR, bR TB1—TB3 4 (101) I, TB4—TB6
Jy (101) M, ZRah BB b AR A, 280 90
B2 i T AR /NI B s 0. [ 3(b) AL 3(a)
H TB2 155 70 HHE S HL - A5 (high resolution
transmission electron microscope, HRTEM) K14,
P L AR 4 (fast Fourier transform, FFT)
P 3(c) 2 B 2R & P I A%  B  BRROC &R

FFT 87825 & P [100] J7 a4 1548, X 2 B 25 4
[100] 77 [n] £7 7€ K &t &5 % B A 55 T8 i )2 45
(stacking fault, SF).

Bl 3(d)— (f) M 24t kL, Bl 3(d) 7~ i kr
[111] A 2 M EIE, K5l 750 nm, fH# 410 nm,
2 ZZ5 A TB1 Ml TB2 ZEad 34k, 170 (101)
17, AnE Sk TR, 2R 2 RAR S K 3(e)
b TB2 ) HRTEM M F, H FFT [ 3(f) & 4=
An AP AR T AR S8 R BR, RSO EE T
A R A IR AR TS

Kl 3(g)—(i) H 3#dmhi, ¥ 3(g) WAt [111]
75 i) A R, K Ah 570 nm, %% 430 nm. 40 1&]
TSk TR, AR N FEAE 1 5% 28 R B AN AR Y 28
i %t TB. [ 3(h) °& TB # HRTEM fé -, H FFT
Pl 3(1) 2 W25 S0 300 ks ] B I B AR OC R
TB 2y (110) 7. 1—34H & 1 25 iy i 18T IS 175 BT
F T b B A AE — o TR R Z A X, anfEl 3(b),
(e), (h) HAFIHEX FFT Fs.

R =AY R ST #E 500—1000 nm 2 [7], 2
ARG TiO, fhokL, FAELE T R W AOR B AR
ARl N T AETE AL 22 28 S IS R T S . 28 el RIS e
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400 nm

10 nm

B 3 (a) 1440k [010] J7 17 TEM B13%1% , 6 45255 TB1—TB6 1 B N #5 k 7w ; (b) 144k TB2 B HRTEM; (c) 144480 N
TB2 i FFT; (d) 2#440kE [111] J5 16 TEM B35, 2 42554 5L TB1 F1 TB2 £ B a5k BT/ (e) 2#4a0ki i TB2 B HRTEM; (f) 2#4#
i TB2 ) FFT; () 3#a00kE [111] J5 [l TEM M 354%, 1 425 5 A TB 7 B Wi sk i (h) 34440k TB ) HRTEM; (i) 3#ah kL N

TB i FFT

Fig. 3. (a) TEM bright field image of grain 1 along the [010] zone axis, the positions of six twin boundaries TB1—TB6 are shown
by the arrow; (b) HRTEM of TB2 in grain 1; (¢) FFT of TB2 in grain 1; (d) TEM bright field image of grain 2 along the [111] zone
axis, the positions of two twin boundaries TB1 and TB2 are shown by the arrow; (¢) HRTEM of TB2 in grain 2; (f) FFT of TB2 in
grain 2; (g) TEM bright field image of grain 3 along the [111] zone axis, the positions of twin boundary TB is shown by the arrow;

(h) HRTEM of TB in grain 3; (i) FFT of TB in grain 3.

Fod 42 Jm Y PE TR AR OO, o tRIEAE 22 T 7E AL
R AR 4 rPEs A Gl Y. A SCEL 3 ok
P RIRIEARZE G [100] 7 [l 245 B R R TR T
ARG TiO, K4 T 54 IR BMIEIEAE, X
Tl G2 340 A A AH DG SE B 3B . Meyers 55 91 I 42
FIKEL it b 4 Ja v 10 25 o R OR -0 A R i T AL A
(TR R B2 IR - AT bR, BB ks RT s/,
T 25 ot T s ) 107 3 A i T R R 0 T 14 A B PR
SEUB IR ST SR, BRSO X S
K 3(a), (d), (g) FIE 3(b), (e), (h) A%, HE# &
KLRSTIR)N, TiO, HE 28 f i B R s, 284
FLE W v HZ 51 2, X RWERCK Tio, 1l
T ASAR f M AFAE A S R4 AL B RO R R
25 LR, WAk TiO, 7@ F R 5 4
JRZRAARIE AL AL, (B8 )8 B AP H P A
IR 58400 F TiO, T Z S B0 — A B

3.3  HXRFBKRAE

K 4 P TiO, 49K 2% a-PbO, A kL, H:
HEl 4(a)—(d) A 44EatkE, Kl 4(a) BoR T A0k
KA 170 nm, ZH1K 150 nm, P9 H B & A
(grain boundary, GB), GB1 1 GB2 i & W& 4(a)
H kR, GB1 il GB2 e T b & i 1+

AR PN ERIE B T ok, AN B 2R A AR, B i 7
RG2S R A A4k TB1 AT TB2 [111] J7'Ji)
HRTEM [, @&l 4(b) i, GBL Fil GB2 [l ALH)
koA [111] J71a], % fbokn P BB A R 25 AH 58 1 25 iy
S TB1 M TB2 ¥ fkisrEh A, B, C X 3 /XK,
= AE g, TB1 A (110) i, TB2 A (011) 1.
& 4(c) MK 4(d) & TB1 M1 TB2 i &Y FFT, 4%
BE AMBIX, BAICXIFARELELRER,
FFT M 25 B A—C KIS RAR A A [RI TR 1Y
WA, Ho C X (101) & T [R]BE 3G 55 7%, X F i
6 W 75 2 W 28 1 J A ot N R AT SR A TR A R I Y
77, 3RS AR K T S 0.

Kl 4(e)—K&l 4(h) Sy bdmhr, 7EIE] 4(e) H, 5#
B K 150 nm, ZG 5S4 100 nm, PYEB & A
GB1 1 GB2 i & an & v 1 55 3k s, GBL #I
GB2 2 T i o 2 187 1F T b b PN R T2 b T ke
FEARTLGEREAS ok, RSN TE RS8R 22400, [ 4(f)
HRTEM E{% 4 GB1 #1 GB2 Rl i 89 &k Al A ic
S [111) Jr ], PR A BLAE fh a5, FET & 4(g)
FE 4(h) 2= W I b6 B T0UAR A A7 AE KA T )2 5
JZEEDT A3 9 [121) A [211]. X TR FIE
A A R N B A A B TR IO AL, S5 fel G A s
BT R

036201-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 3 (2023) 036201

Bl 4 (a) 44400 TEM B35 14, & % GBL, GB2 M 25 & A TB1, TB2 o 7 3k T 7% 5 (b) 444k % TB1 Al TB2 [111] A [
HRTEM; (c) 445K TB1 4L FFT; (d) 44506 TB2 Ak FFT; (e) 545k TEM B354, 2 4 5 GB1 Al GB2 4118 #5055 3k e

/R, () 5#ARL GBL Al GB2 38 A4k [111] 7710 HRTEM; (g) 5#atokbi N [121] 5 [ 76 17 )2 45 FFT; (h) S#an kLN [211) 77 10 7 2 45
FFT

Fig. 4. (a) TEM bright field image of grain 4, the positions of two grain boundaries GB1&GB2 and two twin boundaries
TB1&TB2 are shown by the arrow; (b) HRTEM of TB1&TB2 from grain 4 along the [111] zone axis; (¢) FFT of TB1 in grain 4;
(d) FFT of TB2 in grain 4; (¢) TEM bright field image of grain 5, positions of two grain boundaries GB1&GB2 are shown by the
arrow; (f) HRTEM of GB1&GB2 from grain 5 along the [111] zone axis; (g) FFT of [121] periodic stacking fault in grain 5; (h) FFT

of [211] periodic stacking fault in grain 5.

IR R RSTTE 150 nm 2245, SEAKEL TiO,
AlokL, FAF 25 5 R 9K IE AR S N A7 e 2R
A 2 TEAR S TR R R B A K 2O R AR 2T
R ZEAE SR E AR AR . Zhu 25 28 g R 2
TEAR 2R G TE B PR 2 ks A T A s ft b Az 3l 2
B VIR 7, S ERRLE A B B £ AR
AR RIS, [ 4(a) TP Z B 2R SR TR
TN A 7 Hp R R AN [R] R) BESZ 3] T 24 7 1] 1)
YY) BT AR 2R G, X P 22 07 [l (R 85 U] ]
AE A& AR K R 7 R S 7 B RN E A 1 . TO,
A28 LT (011) A1 (110) T RIEE IR A—3, X T3
Kl 4(b) A, C ZZ RN RERT A%, AELE/IN
B, S HE P AR ) 22 E AR A 2990 BY AN ]
Razavi-Khosroshahi 2§ 23 £ 6 GPa 1Y = & 4 %%
(HTP) S50 h 23 T 40K TiO, A frs 2, 15
PR B AR, X RIAA S0 i 2 F IR AR AR 1
MTETE S AR IR A, B 258 BCEEAR AR BRI~ B
BN o A AR () BRI T B S Bt — 2 A

5 3 14 3#aki M L, BEE TiO, kL
R MK I8 NBI K, TEAR SR N 4T A8 22

MAPAT (0 R R 2R i Ay Z2FE AR, R T B AR
b, BRI BRI RPE AR B R ER T 5107
R O B9 R R 7 A3, 152 G Al AT SG Y
P BRI B MRS Kubo BRI B, g4k 5 (4
B ox B SRR NI, Hh o™ A A1 FR
SRESONE 2 il LA G OK AT RHRERE RUT A/ N T A
REALRINE, A7 s R W42 20—50 nmfiBRAYAE
JE SRR B R U R T 24 A5 1L S0P A —
THANR AL SZ I 40 K BRI 1Y) 52 ) 4 AR A A 5
I, SVEID AR RE I REARG, T A TIRIE AR 2R
A LA 1) 3 G F8 T 5 R 22 20 14 75 201
Z .

RBFFE R TiO, FEM I RS AT LIAE R
JE R ARIFANFIZE LAY 25 A a-PbO, AH, 2R & nl
DA 254 s MR PR T, G g e g 20301 RO
ML BE P9 2. A5 TiO, 5 K a-PbO, AHAYIX 1L
PERE WA Rt —2ARIE, (EASCO#E— 4 R TiO,
FERHR S CHEA B Sy A Pk REAR A — B A9 T 1]
[RIF, FEAL 2 G ANOLHE T At 2 i TR R TiO, PRI
FEGOW T AL, 5 TiO, i AR 3 R K
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F, WFFEZER Y BURS 485 8 7% 1 RSH 308 2l Tio,
1o AR B RSO R Bt T —ASBT i DI AT 1)

Bl 5(a) FIE 5(c) 43510 64 T4RL [011]
Ji Y TEM BI34%, 6#atbit il 170 nm, K%
90 nm, TR KA 70 nm, %% 60 nm. PIAN
RiAE RS ERAE S 20, A ER A GB1, GB2 i
BN A A OEL TR, GBL Al GB2 2 T ki
T Lk T Ak PRI BORA TE fioR, R B 24 ok
& 5(b) FE 5(d) HET Sk TR B 641 TR
Ja#k HRTEM &, /R H: [100] J7 A7 7S Kim
T B FELARTE ) )2 48, SR 245 TE WA R Y
TiO, ARt A WL E], Qe 4(b) FiR, XFE &
JE T EHOR A TiO, #5482 Z R
71, W RAAE AL AE. 2016 4F, Razavi-
Khosroshahi &% 23 5 W 4¢3 6 GPa HTP 324 Ab
RIS B 9K B A E % IR B 2.3% 10 m 2
1) i 2 BE LA, Ui T R R 40K TiO, #8 5
SIEEMIILAERE ).

B 5 (a) 64408 TEM BIIZR, 2 4% 5 507 B 00 (i Sk
IR 5 (b) 6448 6L P [100] 77 [ J2 4% 19 HRTEM; () T#4h
KL TEM WI34%, 2 % fi S0 B 1 EOHT Sk IR 5 (d) 745 R
M [100] 75 M1 JZ 45 # HRTEM

Fig. 5. (a) TEM bright field image of grain 6, the positions
of two grain boundaries GB1&GB2 are shown by the arrow;
(b) HRTEM of stacking fault along the [100] zone axis in
grain 6; (¢) TEM bright field image of grain 7, the posi-
tions of two grain boundaries GB1&GB2 are shown by the
arrow; (d) HRTEM of stacking fault along the [100] zone

axis in grain 7.
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Electron microscopic study on high-pressure induced
deformation of nano-TiO,
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Abstract

The high-pressure a-PbO, phase of TiO, has suitable band gap and photocatalytic capability in the visible
light range, which is an environmentally friendly and efficient photocatalytic material. In this work, a-PbO,
phase of TiO, is obtained by the pressure-relief treatment of anatase nanospheres through using diamond anvil
cell, and transmission electron microscope (TEM) observation shows the obvious deformation of TiO,
nanospheres. High-esolution TEM shows that there are a large number of stacking faults along the [100]
direction and deformation twins in the grain. Specifically, the deformation twin band with lens lamellar
structure is formed in the submicron grain. The fan-shaped multiple deformation twins are formed in the
nanocrystalline grains. This study shows that anatase TiO, can be deformed under high pressure, and its micro
mechanism of deformation is similar to metal’s, mainly including deformation twins and stacking fault slip.
There is obvious size effect in the formation of deformation twins. These results provide a new breakthrough
point for the study of the size effect of high-pressure phase transformation of TiO,, and also point out an

experimental direction for preparing the twin high-pressure a-PbO, phase.

Keywords: high pressure, a-PbO, phase TiO,, deformation twin, size effect
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